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Numerical methodAbstract Ablation flows around entry bodies are at highly nonequilibrium states. This paper pre-
sents comprehensive computational fluid dynamics simulations of such hypersonic flow examples.
The computational scheme adopted in this study is based on the Navier–Stokes equations, and it
is capable of simulating multiple-dimensional, non-equilibrium, chemically reacting gas flows with
multiple species. Finite rate chemical reactions, multiple temperature relaxation processes, and ion-
izations phenomena with electrons are modeled. Simulation results of several hypersonic gas flows
over axisymmetric bodies are presented and compared with results in the literature. It confirms that
some past treatment of adopting less species for hypersonic flows is acceptable, and the differences
from more species and more chemical reactions are not significant.
 2016 Chinese Society of Aeronautics and Astronautics. Published by Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Thermal protection systems (TPSs) are essential for the suc-
cessful operation of space vehicles.1 Simulating the hypersonic
ablation flows around a TPS system involves many challenges
which include, but not limited to, multiple species with chem-
ical reactions and complex thermodynamics relations,2,3
mechanical ablation,4 thin shock waves with large gradients
and interactions with boundary layers, multiple dimensions
with possible surface recessions, multiple temperatures, radia-
tions, and other multiple physics demanding careful mod-ellings. Investigations with experiments are expensive and
challenging; hence, we usually rely on computational fluid
dynamics (CFD) simulations to investigate these flows.
In the literature, there are many investigations on hyper-
sonic flows, and only some of them are listed here. Some con-
centrated on numerical scheme development and parameter
effects.5,6 Some adopted particle simulation methods, such as
the direct simulation Monte Carlo (DSMC), which are quite
flexible for rarefied hypersonic flows.7–10 Zhong et al.8 included
11 species and 31 reactions. Much other works during the past
adopted the Navier–Stokes equations (NSEs). Gosse and Can-
dler2 modeled the gas flow over a sphere-cone vehicle coupling
in the solution of the mass and energy balance with surface
reactions at an altitude of 16 km. In that work, gas–surface
reactions and surface sublimation were included, and it was
found that the predicted surface recession rate for a validation
case was lower than that from experimental measurement.
Chen and Milos11 studied a hypersonic flowfield over a dense
carbon-phenolic heat shield under flow conditions typical for
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conditions of oxidation irradiation and material sublimation
were coupled with NSEs and it was found that the surface
ablation had only a small impact on the predicted convective
heat flux. Huang12 concentrated on silicon-based materials,
and it was found that the effects from resin materials on the
ablation flowfield were appreciable.
This paper presents some hypersonic flow simulations with
an NSE-based CFD solver which can serve as a foundation for
further development. The next few sections are organized as
follows: in Section 2, some details for the governing equations
and numerical schemes are presented; in Section 3, some
detailed thermodynamics relations and chemical reaction mod-
els are listed, Section 4 includes some simulation results with
comparisons and discussions, and Section 5 draws several
conclusions.
2. Governing equations and numerical schemes
The new CFD solver is based on NSEs. The axis-symmetric
NSEs are listed as follows, including some chemical reaction
source terms13:
Ut þ ðEinÞx þ ðFinÞr þ G ¼ ðEvÞx þ ðFvÞr þ Gv þW ð1Þ
where ‘‘in” and ‘‘v” represent inviscid and viscous properties;
subscripts ‘‘x” and ‘‘r” represent partial derivatives along the
x and r directions; and Gv is one source term related to
axissymmetry:
U ¼ ½q1;    ; qns ; qu; qv;E; qevT
Ein ¼ ½q1u;    ; qnsu; qu2 þ p; quv; uðEþ pÞ; quev
T
Fin ¼ ½q1v;    ; qnsv; quvþ p; qv2 þ p; vðEþ pÞ; qvev
T
G ¼ ½q1v;    ; qnsv; quv; qv2; vðEþ pÞ; qvev
T
=r
Ev ¼ ½qD1X1x;    ; qDnsXns ;x; sxx; sxr; usxx þ vsxr þ qx; qxvT
Fv ¼ ½qD1X1x;    ; qDnsXns ;x; sxr; srr; usxr þ vsrr þ qr; qrvT
Gv ¼ ½qD1X1x;    ; qDnsXns ;x; sxr; srr  srx; usxr þ vsrr þ qr; qrv
r
T
W ¼ ½x 1;    ;x ns ; 0; 0; 0;Sv
T
where u and v are the velocity components along the x- and r-
directions, q is the mixture density, qi is the density for the ith
species, p is the mixture gas pressure, E is the mixture total
internal energy, ev the specific vibrational energy, D the diffu-
sion coefficient, X the species concentration, ns the number of
species, x

the source terms for density, and Sv the source term
for vibrational energy. The shear stress tensor s and the heat
flux q are:
sxx ¼  2
3
ðlþ ltÞð2ux  vr  v=rÞ
srr ¼  2
3
ðlþ ltÞð2vr  ux  v=rÞsxr ¼ srx ¼ ðlþ ltÞður þ vxÞ
shh ¼  2
3
ðlþ ltÞðux þ vr þ v=rÞ
qx ¼ kTx þ kvðTvÞx þ
Xns
i¼1
ðhiqDiðCiÞxÞ
qr ¼ kTr þ kvðTvÞr þ
Xns
i¼1
ðhiqDiðCiÞxÞ
qxv ¼ kvðTvÞx þ
X
i¼mol
ðeviqDiðCiÞxÞ
qxr ¼ kvðTvÞr þ
X
i¼mol
ðeviqDiðCiÞrÞ
Xix ¼ ðCiÞx
Xir ¼ ðCiÞr
In the above expressions, k is the thermal conductivity, kv is
the vibrational energy conductivity, evi is the specific vibra-
tional energy for the ith species, Di is the mass diffusion coef-
ficient for the ith species, l and lt are the laminar and
turbulence viscosity coefficients, Ci is the mass fraction for
the ith species, and R
i¼mol
are the summations over molecule
species.
The other symbols are listed as follows: h is the specific
enthalpy, e is the specific mixture internal energy, M is the
mixed molecular mass, Dh0i is the formation heat for the ith
species, hi0 is the heat of formation, eti and eri are the specific
internal translational and rotational energy, and R is the gas
constant, MWi is the molecular weight for the ith species, M
is the averaged molecular weight:
h ¼ eþ p=R
q ¼
Xns
i¼1
qi
M ¼ 1
Xns
i¼1
ðCi=MWiÞ
,
p ¼ qRT= M
E ¼ q½eþ ðu2 þ v2Þ=2
e ¼
Xns
i¼1
Ciðeti þ eri þ Dh0i Þ þ
X
i¼mol
ðCieviÞ
8>>>>>>>>><
>>>>>>>>>:
ð2Þ
Before solving Eq. (1), they are non-dimensionalized, and
the coordinate system is mapped into a curvilinear system.
For in-viscid flux computation, the coefficient matrix needs
to be computed and decomposed into an eigenvalue matrix.
The Sterge flux scheme is used to compute the fluxes, and
the properties at the cell edge are computed with the Roe
scheme.14,15
Once the fluxes across the cell interface are obtained, the
source term W for chemical reaction and vibrational energy
relaxation is evaluated. By solving a set of ordinary differential
equations (ODEs), dWi=dt ¼ Si, we can update the flowfield
properties with these source term contributions. In summary,
an update of the flowfield properties from time step n to
n+1 is obtained by the following equation:
328 C. CaiUnþ1i;j ¼ Uni;j þ 1DV Dy
R Dt
0
Env;iþ1=2;j

 Env;i1=2;j
h
þEnin;i1=2;j  Enin;iþ1=2;j

dt
þDxR Dt
0
Fnin;i;j1=2  Enin;i;jþ1=2 þ Fnv;i;jþ1=2  Fnv;i;jþ1=2
 
dt
i
þ DtDV Wni;j  Gni;j þ Gnv;i;j
 n
ð3Þ
where Uni;j are the flow properties for cell (i, j) at moment
T ¼ nDt; Eiþ1=2;j are the fluxes across the cell interface
i + 1/2 along the x-direction, and Fi;jþ1=2 along the y-direction
in the same manner as Ei; W
n
i;j are the chemical reaction sources
in cell (i, j) with a cell volume DV.
3. Thermodynamics for hot gas and chemical reaction modeling
For the development of this CFD solver, the chemical reac-
tions are crucial, and much efforts have been spent upon them.
There are many curve-fitting results, which are critical for suc-
cessful simulations of hypersonic flows; one good reference is
by Park.16
3.1. Thermodynamics models for single species hot gas
The mole specific internal energy and mole specific heat energy
at a constant volume for the mixture are computed with differ-
ent models, and the formulas for monatomic, diatomic, and
linear and non-liner polyatomic molecules are different.17
For example, the formulas for non-linear polyatomic mole-
cules are:
e ¼ 5
2
RTþ R
X3n6
l¼1
Hvl
expðHvl =TÞ  1
 
Cv;m ¼ 5
2
RTþ R
X3n6
l¼1
Hvl
T
 2
expðHvl =TÞ
ðexpðHvl =TÞ  1Þ2
where n is the number of atoms inside the non-linear poly-
atomic species, and Hvl the characteristic vibrational tempera-
ture for the lth polyatomic species.
In this work, the viscosity coefficient for the ith species, li,
is obtained by curve-fitting:
li ¼ expðciÞTai lnTkþbik ð4Þ
where ai, bi, and ci are the curve-fitting results
18 for the ith spe-
cies, and Tk is the local temperature.
For the ith species, the thermal conductivity, ki, and the
vibrational energy thermal conductivity, kvi, are given by
Eucken’s empirical formulas19:
ki ¼ liR
MWi
CpiM
R
þ 5
4
 
kvi ¼ liCvi
ð5Þ
where Cpi and Cvi are the constant pressure specific transla-
tional energy and constant volume specific translational
energy, respectively.
3.2. Thermal properties for gas mixture
The bulk viscosity coefficient l and the conductivity coeffi-
cients k, kv for the mixtures are given by Wilke
20:l ¼
Xns
i¼1
viliXns
j¼1
viUij
k ¼
Xns
i¼1
vikiXns
j¼1
viUij
kv ¼
Xns
i¼1
vikviXns
j¼1
viUij
8>>>>>>>>><
>>>>>>>>>:
ð6Þ
where
vi ¼
Ci M
MWi
Uij ¼ 1þ lilj
 1=2
MWi
MWj
 1=4" # ﬃﬃﬃ
8
p
1þMWi
MWj
 1=2" #1
8>><
>>>:
ð7Þ3.3. Chemical reaction source term computations
For a chemical reaction system with ns species and nr reactions,
the general form of the rth reaction equation can be written
as21:
Xns
i¼1
ariXi ¼
Xns
i¼1
briXi ð8Þ
where ari and bri are the stoichiometric chemical reaction coef-
ficients for the forward and backward reactions, and Xi is the
species concentration for the ith species, in moles per unit vol-
ume. If considering one general reactionPns
i¼1ariXi !
Pns
i¼1briXi, the change of enthalpy DH for the
fth chemical reaction is given by
DH ¼PDHf;products PDHf;reactants. If DH is positive, the
reaction is endothermic; in contrast, if DH is negative, then
the reaction is exothermic. Eq. (8) is fundamental and valid
for the forward and backward reactions. For a non-
equilibrium flow with multiple reactions, the situation is differ-
ent, and the energy source term should be considered carefully.
One possible method to calculate the energy source term is:
Se ¼
Xns
0
x

iDH
0
f;i
 
ð9Þ
which is the summation of the rate of change times the forma-
tion heat of each species, where x

i is the generation rate for the
ith species.
The forward and backward reaction rates for the rth reac-
tion are denoted as
kfr ¼ TC2r expðC0r  C1r=TÞ
kbr ¼ TD2r expðD0r D1r=TÞ
(
ð10Þ
where T is the temperature of the reaction. C0r, C1r, C2r, D0r,
D1r, and D2r are constants related to the reaction.
If the mole density for the ith species is denoted as [Xi] and
Ci ¼ qi=q is the mass fraction for the ith species, then there is a
relation:
½Xi ¼ ciq ð11Þ
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define:
ci ¼ Ci=MWi ð12Þ
The combination and dissociation reactions may involve
third-body collisions. A third body which is denoted as M
can be any molecules, atoms, or radicals inside the reaction
system, and the efficiencies of different third-bodies may vary.
Usually, a third-body in a certain reaction is treated as one
ordinary species, and the contributions of all possible third-
bodies to the mole fraction should be considered. Let’s denote
the third-body efficiency of species j with the third-body num-
ber i as Zij; then, the mole fraction of this third-body should be
modified as follows:
ci ¼
Xns
j¼1
Zijcj ð13Þ
The mass change rate of the ith species is calculated as:
x

i ¼MWi d½Xi
dt
¼ dqi
dt
ð14Þ
Therefore, the rate of change of [Xi] in the rth reaction is
given as17:
d½Xi
dt
 
r
¼ ðbri  ariÞkfr
Ynj
j¼1
½Xjari þ ðari  briÞkbr
Ynj
j¼1
½Xjbri ð15Þ
where nj is the number of species plus the number of third bodies.
A combination of the above relations leads to:
xi

MWi
 
r
¼ ðbri  ariÞkfr
Ynj
j¼1
½cjqari
þðari  briÞkbr
Ynj
j¼1
½cjqbri
¼ ðbri  ariÞkfrq
Xnj
j¼1
ari Q
carij þ ðari  briÞkbrq
Xnj
j¼1
ariYnj
j¼1
cbrij
In the above equation, the following four notations are
introduced:
ar ¼
Xnj
j¼1
arj  1
br ¼
Xnj
j¼1
brj  1
Rfr ¼ kfr
Ynj
j¼1
ðcjqÞbrj
8>>>>><
>>>>>>:
ð16Þ
The creation rate for the rth reaction is:
x

i=q ¼M

½ðbri  ariÞRfr þ ðari  briÞRbr ð17Þ
The net mass creation rate for the ith species is calculated
by summing up all reactions as follows:
x

i ¼ qMW

i
Xnr
r¼1
ðbri  ariÞðRfr  RbrÞ ð18Þ
3.4. Vibration–dissociation coupling model
For nonequilibrium flows, the dissociation and vibrational
energy relaxation have similar behaviors.17 In this work, thebi-temperature model by Park is adopted to describe the air
dissociation process and the vibrational energy relaxation.
Tkf ¼ TmfTnf ð19Þ
The above formula is empirical, but it is the most widely
adopted model and the results are quite satisfying. In this
work, mf = 0.5 and nf = 0.5.
3.5. Vibrational–dissociation reaction modeling
At a thermochemical non-equilibrium state, the characteristic
dissociation time scale for air and that for the vibrational
energy relaxation time scale are comparable, and the interac-
tions between them can be described with a vibration–dissoci-
ation (V–D) coupling model. The bi-temperature model by
Park22 is used:
Tk ¼ TmTnv ð20Þ
The results from this simple model are satisfying, and in
general, m and n are set to 0.5. It shall be mentioned that in
the literature, it was argued that for high enthalpy flows, mf
shall be taken as 0.7 and nf as 0.3.
3.6. Vibrational energy relaxation model
The vibrational energy source term Sv for W in Eq. (1) is:
Sv ¼ q evðTÞ  evðTvÞsv þ
X
s¼mol
x

sev;s ð21Þ
where ev(T) is the vibrational energy computed by using the
equilibrium translational temperature, ev(Tv) is the vibrational
energy computed with the vibrational temperature, and sv is
the characteristic vibrational temperature relaxation time
scale. For a temperature between 3000 K and 8000 K, Milikan
and White23 provided a formula for the relaxation time for the
sth species:
sMWs ¼
Xns
j¼1
nj exp½AsðT1=3  0:015M1=4sj Þ  18:42 P
Xns
j¼1
nj
 !,
ð22Þ
whereMij =MiMj/(Mi +Mj), nj is the number density for the
jth species, and the unit for pressure P is atm.
For a temperature over 8000 K, Park22 offered some cor-
rections for the relaxation time scale:
ss ¼ sMWw þ rvcsnsð Þ1 ð23Þ
where rv ¼ 1021 m2, cs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kT=ðpmsÞ
p
, ms is the molecular
mass, and k is the Boltzmann constant.
3.7. Ablation boundary conditions
A new reaction model for a TPS with silicon-related materials
is developed. The silica–carbon reaction is
SiO2 þ C! SiOðgÞ þ CO ð24Þ
To compute the reaction rate, the reaction temperature
needs to be determined, which is defined as
TR ¼ 1500=ð8:71 lg peÞ ð25Þ
330 C. Caiwhere pe is the pressure of the gas environment. The mass flow
rate of the gaseous product in Eq. (25) is modeled as
m

r ¼ 1:25 107 expð4:6297=TRÞ ð26Þ
The mass flow rate of the silicon material is given by
m

w ¼ em t ð27Þ
where m

w is the total mass flow rate injected to the flow field,
m

t is the total mass loss rate of the TPS, and e is the fraction of
m

w to m

t.
4. Validations and discussions
To validate the above numerical scheme, the above scheme is
incorporated into an in–house software package GRASP24
as a new module, and three cases are simulated, all of which
are about non-equilibrium flows over an axisymmetric body.
The free stream flow is assumed as pure air.
For the first test case, the simulation parameters and geom-
etry profiles are set to the same as those used by Candler25: the
blunted body radius is set to Rn = 6.35 mm; the free stream
Mach number is Ma1= 15.3 (or V1= 5280 m/s);
T1= 293 K and p1= 664 Pa. In the past, Candler
25 adopted
a model of 7-species and 7-reactions and Coquel26 adopted a
model of 5-species and 5-reactions. In this work, a model of
11-species and 20-reactions is used; this model was proposed
by Gupta and Yosn.27
Fig. 1 compares the results from this work and those by
Candler.25 The free stream flow is set from the right to the left.
In this figure, T and Tv represent the translational and vibra-
tional temperatures. Fig. 1(a) shows the temperature profile
along the central stagnation line, while Fig. 1(b) shows the
ratio of major species mass concentrations of (O, N, O2, N2,
NO) along the same stagnation line. As shown, the transla-
tional and vibrational temperatures from the simulations in
this work and those by Candler have quite close peak values.
The corresponding positions for the peak temperature values
are close as well, and the mass concentrations along the stag-
nation line are close. There are appreciable differences between
the mass concentration values for N2 and O2 due to differentFig. 1 An 11-species and 20-reactions mgiven free stream values. Behind the shock wave, in general,
our simulation results of mass concentrations (O, N, and
NO) agree well with Candler’s results.25 The minor differences
may come from different chemical reaction models.
Fig. 2 illustrates some comparisons with Coquel’s results.26
Fig. 2(a) is for the temperature results along the stagnation
line, while Fig. 2(b) the mass concentrations for major species
O, N, O2, N2, and NO. As can be seen from these two figures,
the translational temperature profiles have quite similar posi-
tions while there are appreciable differences between the high-
est values. The past work by Coquel26 presents slightly larger
peak values. There are relatively larger differences in the high-
est vibrational temperatures. The mass concentrations along
the stagnation line agree quite well. The free stream flows have
the same conditions for N2 and O2, while behind the shock
wave, atoms O, N, NO and molecules N2, O2 have agreement
in the mass concentrations. The minor differences are due to
the different chemical reaction models. The simulation results
from this test case indicate that the physical modeling and the
numerical scheme for the NSEs in this work are both reliable;
hence, we can proceed to investigate more complex high tem-
perature ablation flows with multiple species and chemical
reactions.
For the second test case, high speed flows over an axisym-
metric blunted body are simulated by adopting models with
different numbers of species, and the flowfield results are com-
pared. The simulation geometry is available in the literature.12
Ablative boundary conditions were applied to simulate the
ablation due to the high speed flow. The results of pure air flow
(without ablations) and those with ablations are compared.
For simulations of this type of high speed flows, accurate
chemical models for charge exchanges can directly affect the
accuracy of electron number density28,29 and several other
interesting flowfield properties. Based on the work by
Cresswell and Porter30, a 26-species model with 54 chemical
reactions was developed which considered resin with silicon-
related species. Bortner31 proposed a widely accepted and
relatively accurate chemical reaction model in 1966. In the
eighties, Parker22 summarized the past works on chemical
reactions, and proposed some curve-fitting formulas.
Resin-based materials which are related with silicon, such asodel, current vs Candler’s results.25
Fig. 2 An 11-species and 20-reactions model, current vs Coquel’s results.26
Numerical simulations of high enthalpy flows around entry bodies 331Si, SiO, and SiO2, are considered for the simulations. Ions and
electrons are also included in the modeling and the flowfield
results are quite comprehensive. In this simulation, a model of
19 species and 34 simplified chemical reactions is considered,Fig. 3 A 19-species and 26-reactions moand to keep this paper concise, detailed chemical reactions
are not provided here. The free stream air flow is set to
U1= 5000 m/s and the flight height H= 50 km. Electron
densities are set to the same as the ion number densities bydel, U1= 5000 km/s, altitude 50 km.
Fig. 4 A 20-species model.
332 C. Caiusing the quasi-neutral charge condition in plasma. Fig. 3
(a) and (b) presents the translational and vibrational tempera-
ture contours. One set of results includes the ablation effects
on the blunted surface, while the others do not. By considering
the ablation effects, the translational and vibrational tempera-
ture values are significantly smaller than the corresponding
values in the case without ablations. These results indicate that
the thermal protection system is quite effective. It is evident
that the 19-species model can capture the flowfield with quite
high accuracy. Fig. 3(c) and (d) shows the ablation effects on
the pressure field and the electron number density. They
illustrate that the shock standing off distance is much larger
in the situation of considering the ablation effects, probably
due to more out-gassing into the main flowfield. Meanwhile,
the electron number density is much higher for the ablation
flow situation, probably because the surface ablations create
larger gas density, and hence higher collision rates.
The last test case is about hypersonic flows over an axisym-
metric double-cone geometry with flow separations at the cone
shoulder. The configuration has a first cone of a half-angle of
25, and the second cone 55. Detailed geometry profiles are
available in the literature.32 Under the experimental condition
(RUN 28)33, the incident flow has the following parameters:q1 ¼ 0:6545 103 kg=m3;U1 ¼ 2664:00 m=s;T1 ¼ 185:56 K
T1 ¼ 293:33 K;Ma1 ¼ 9:59;Re ¼ 13090
The RUN 28 with the above flow condition is the most dif-
ficult one to be calculated due to the large flow separation
region. The first cone produces an attached shock wave, and
the second cone with a large angle produces one detached
bow shock. The two shocks interact to form a transmitted
shock that strikes the second cone surface over the cone–cone
junction. The adverse pressure gradient due to the cone junc-
tion and the transmitted shock generate a large region of the
separated flow that produces its own separation shock. This
shock interacts with the attached shock from the first, altering
the interaction with the detached shock from the second cone.
This in turn affects the size of the separation region. The shock
interaction produces very high surface pressure and heat trans-
fer rates where the transmitted shock impinges on the second
cone.
In the literature, there are many CFD simulations, for
example, Xu et al.32 provided detailed flow patterns. Most of
them used pure air assumptions without considerations of
chemical reactions. In this work, the flowfield is simulated with
two scenarios, aiming to investigate the chemical reaction
Numerical simulations of high enthalpy flows around entry bodies 333effects on the flowfield. One simulation adopts pure air of two
species, O2 and N2, and no chemical reactions; this corre-
sponds to a frozen flow situation. The other simulation adopts
20 species and 26 chemical reactions, with different finite rate
chemical reactions, and for simplicity, the details for these
equations are omitted here. Fig. 4(a) compares the surface
pressure distributions Cp, and Fig. 4(b) shows the correspond-
ing surface heat coefficients Cq. L is the base cone length. As
can be seen, only minor differences exist between the two sets
of simulation results, and it can be concluded that a consider-
ation of multiple species actually only creates minor effects on
the surface properties. Fig. 4(c) and (d) shows the pressure and
temperature field results from the two simulations. As can be
seen from these two figures, the shock–shock interactions
and other flowfield patterns are well captured. While the sim-
ulation with a consideration of chemical reactions yields
slightly minor differences in the temperature field, the pressure
field is almost identical.
5. Conclusions
This paper presented some work on simulating high speed
chemically reacting complex flows with multiple species, with
a newly developed NSEs-based CFD solver. Chemical reac-
tions with multi-species, multi-dimensions, and structured
mesh are adopted to ensure high accuracy for the simulations.
Three benchmark test cases are simulated and compared. For
the first test case, some simulation results along the stagnation
line were compared with past results in the literature, and
acceptable agreements are observed. For the second test case,
a model of 19-species was adopted, and a consideration of sur-
face ablation yields a much cooler flowfield and a larger shock
standing off distance - probably due to the mass release into
the flowfield and energy absorption during the ablation. For
the third test case, considerations of multiple species and finite
rate chemical reactions actually do not yield appreciable differ-
ences from the case of pure air flow without chemical reaction.
There were many CFD simulations in the past and the chem-
ical reactions were neglected—our simulation results con-
firmed that this treatment was appropriate.
These simulation results indicate that the simulation solver
has good fidelity. The multi-species model for the test cases is
sufficient to capture some fundamental flowfield features.
Some minor differences can be observed. Including these finite
rate chemical reactions, internal energy relaxations, and even
ionization allows us to incorporate more physics. There are
also many CFD simulations in the literature which neglected
the chemical reactions completely—it is a frozen flow assump-
tion. Such treatments can conveniently be achieved by simply
switching off some options in this new CFD solver; as such,
this solver is quite comprehensive. It may offer us fast baseline
estimations without chemical reactions, and it is also feasible
to add new chemical reaction models to improve current ones.
Hence, it is a reliable platform for further development.
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